A novel family of zinc bis(β-ketoiminate) complexes 2b-2h have been synthesized by reaction of the isolated free ligands 1a-h with dimethylzinc. The isolated zinc complexes were characterized by elemental analysis, NMR spectroscopy, and in the case of 2b-d and 2f-h, the molecular structures of the complexes were determined by single-crystal X-ray diffraction which reveals the compounds to be pseudo-octahedral six-coordinate, monomeric homoleptic
Introduction
Zinc oxide is a versatile, n-type wide band gap (3.37 ). Therefore, ZnO is often doped with elements such as B, Al, Ga, F or Cl, to improve electron concentrations. [1] Of these systems fluorine is the most effective dopant with F-doped ZnO (ZnO:F) and ZnO finding application in a number of devices [2] including blue and ultraviolet light emitters, [3] solar cell devices, [4] wave guides [5] and transistors. [6] The piezoelectric properties which ZnO also exhibits makes it useful in the fabrication of microsensors [7] and nanogenerators. [8] However, central to all these applications is the ability to deposit ZnO and ZnO:F as a thin film of material. Methods for the deposition of thin films of ZnO include electrodeposition, [9] chemical spray pyrolysis, [10] magnetron sputtering, [11] plasma enhanced chemical vapor deposition complexes in the solid state. TG analysis showed complexes 2b-f all to have residual masses at 400°C of 10 % or less, well below the value for ZnO and thus indicative of volatility. Of these systems 2b [Zn{MeC(O)CHC(NCH 2 CH 2 OMe)CF 3 } 2 ] has been investigated for its utility in the AP-MOCVD growth of F-doped ZnO (ZnO:F) in the absence of additional oxidant at 400°C on glass and silicon substrates.
(PECVD), [12] atomic layer deposition (ALD) [13] and metalorganic chemical vapor deposition (MOCVD) . [7b,14] Of these, atmospheric pressure AP-MOCVD has shown itself to be the most promising deposition methodology, because of its application to large scale, large area deposition of thin films, with high growth rates, good conformal coverage and thickness control, all controllable by varying the CVD process parameters. In contrast, doping ZnO with F is difficult and no effective single source precursors for ZnO:F have been reported to date. ZnO:F fabrication has been attempted using a range of techniques including ALD, [15] CVD, [16] spray pyrolysis, [17] RF-magnetron sputtering, [18] laser deposition [19] and electron beam evaporation. [20] Precursors for ZnO and ZnO:F have focused on various systems including zinc acetates, [21] zinc alkyls (both methyl and ethyl), [16b,22] zinc alkoxides [23] and zinc β-diketonates. [24] In the past the use of ancillary ligands such as H 2 O, pyridine, TMEDA or diglyme have been used in conjunction with metal β-diketonates, in an attempt to control the formation of volatile monomeric complexes suited towards CVD applications. [24a,24i,25] However, these complexes are susceptible to loss of ancillary ligands from the coordination sphere of the metal, resulting in the formation of nonvolatile oligomeric complexes. In an attempt to ensure the formation of volatile monomeric zinc complexes, we have employed the strategy of using chelating ketoiminate ligands, which incorporate oxygen containing side arms as additional donor ligands.
Latterly, zinc β-ketoiminates have been applied to the ring opening polymerization of cyclic esters, [26] although a small number zinc β-ketoiminates [14a,14c,27] and β-iminoesterates [28] have previously been investigated for application in MOCVD, where the focus has been on the development of halogen free precursors for exclusive ZnO production.
We have chosen to investigate the application of trifluoromethyl derivatized β-ketoiminate systems, incorporating ether side arms, in the production of novel ZnO precursors. Herein we describe the synthesis, characterization, thermal behavior and preliminary AP-MOCVD results of a family of zinc bis β-ketoiminate complexes.
Results and Discussion
A range of β-ketoiminate ligands 1(a-h) have been synthesized by a condensation reaction between a β-diketone, either 2,4-pentanedione (Hacac), 1,1,1-trifluoro-2,4-pentanedione (Htfac), 1,1,1-trifluoro-2,4-hexanedione or 1,1,1-trifluoro-5-methyl-2,4-hexanedione respectively and an appropriately functionalized amine (Scheme 1). The free ligands 1b-h were isolated as pale yellow oils (f, g), or either white (b, c, h) or pale yellow solids (d, e) in variable yield, ranging from 21 % (c) to 62% (f). Zinc complexes of each of these ligands were then prepared by reaction with half a molar equivalent of dimethylzinc (Scheme 2).
Complexes 2a-h are novel, save for the non-fluorinated complex 2a which has been previously prepared by others.
[14c] Similar non-fluorinated analogues, prepared by others, have incorporated N(CH 2 ) 3 OMe,
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and NiPr [14a,27a] substituents. Complexes 2b-h are colourless, air-stable solids and were obtained in good to excellent yields (53-81 %). The melting points of these complexes are, somewhat surprisingly, usually higher than the non-fluorinated systems e.g. 2a (57°C), [14c] NnBu (72°C), NiPr (109°C) [14a] compared to 103-5°C (2d)-141-3°C (2b) for our derivatives, with 2e (89-91°C) and 2h (172-3°C) being low and high exceptions. NMR spectroscopic data for novel 2b-h show no singlet signals due to {MeZn} moieties confirming the double ligand substitution. Integrals and chemical shifts are consistent with those of the ligands, save for 2f, where there appears to be four sets of ligand signals in an approximately 1:1:1:5 ratio in the 1 H NMR spectrum, resulting from the chiral centre inherent in this ligand which generates a range of diastereomers upon complexation to the zinc. However, despite there being three independent molecules in the asymmetric unit of crystalline 2f (see below), all three are essentially superimposable.
This suggests that while multiple diastereoisomers are present in solution, the system remains fluxional and only one diastereoisomer (an enantiomeric pair as the space group is centrosymmetric) crystallizes out (with minor torsional differences due to packing).
The facile fluxionality of these species suggested by the NMR spectroscopic data for 2f is supported by NMR spectroscopic data for 2h, which also incorporates a chiral centre within the ligand. Here, while only one set of ligand resonances are seen within the 1 H NMR spectrum at 358 K, cooling generates a more complex spectrum with, for example, four sharp signals (1:1:1:2) in the range δ = 1.30-1.65 ppm due to the methyl group (Scheme 1, R 2 = Me). All six structures reported (2b-d, 2f-g) show that these species adopt six-coordinate structures with a ZnO 4 N 2 coordination sphere, with the ligands acting in a κ 2 -O,N,O triden-tate chelating mode; the ligands are disposed in a mer arrangement with respect to each other (see Figure 1 , Table 1,  Figures 2, 3 , 4, 5, and 6). This is in contrast to complex 2a which is reported to have a pseudo tetrahedral geometry about the zinc centre, such that the oxygen atoms of the pendant ether functionalized side-arms are non-coordinat- ing.
[14c] All six species (2b-d, 2f-h) crystallize in centrosymmetric space groups, so chiral 2f and 2h crystallize as a single pair of enantiomers. Furthermore, while both 2c and chiral 2f crystallize with three molecules in their respective asymmetric units, all three molecules are effectively superimposable i.e. any differences are minor and due to packing effects. previously in related Ba II complexes. [29] These structures are in striking contrast to previously reported 2a, [14c] which is only four-coordinate at zinc centre as a result of two κ 
Materials Chemistry
TGA data for 2b-h are shown in Figure 7 . Data for 2b-f all have residual masses at 400°C of 10 % or less, well below the value for ZnO and thus indicative of volatility. These residual masses are slightly higher than seen by others for 2a (ca. 4 % residue),
[14c] consistent with their generally higher melting points, but 2b-f are more thermally stable, showing minimal decomposition/sublimation below 200°C. The thermal behaviour of precursors, 2g and 2h, is strikingly different to other precursors in this series, with residual masses of 24.3 and 23.2 % respectively, which are well in excess of the ca. 15 % expected for ZnO, presumably due to residual carbon contamination. PXRD analysis of TGA residues from 2b-h reveal the presence of ZnO. In an attempt to ascertain possible decomposition pathways for precursor 2b, TGA-coupled mass spectrometry (TGA-MS) was undertaken. Unfortunately TGA-MS experiments did not yield conclusive results with respect to precursor decomposition pathways, although peaks at m/z = 58.00 amu and m/z = 112.01 amu, were observed in the mass spectra. These were attributed to the formation of methyl-vinyl ether and 1,1,1-trifluoropropanone respectively.
As part of our study, vapor pressure measurements were carried out on 2b using a previously reported method and apparatus. [30] Details of these analyses for 2b are depicted in the supporting information. Each set of data was obtained at temperatures below the melting points of the precursors. The vapor pressure of 2b obeys the general equation log P = A -B/T; where A and B are free parameters, with the corresponding enthalpy of vaporization (ΔH vap = 43.6 Ϯ 0.004 kJ mol -1 ) being deduced from the parameters, and extrapolates to a pressure of ca. 48 Torr at 250°C. This compares to a calculated value for zinc bis trifluoroacetate, Zn(tfa) 2 of 0.83 Torr at 250°C. [31] Deposition studies were thus focussed on precursor 2b as this displayed good volatility (from the TGA data) and was the most cost effect precursor to synthesise (a key precursor requirement) among the group 2b-f. Deposition was carried out at a precursor temperature of 250°C (due to its thermal stability) and a substrate temperature of 400°C at atmospheric pressure. No additional reactive gas was added, although a flow of argon gas (5 dm 3 /min) was used to assist carryover. Substrates used were microscope slides and silicon ([1,0,0] oriented). Note that in comparison with previous work on film growth from 2a as a precursor for ZnO, this study is (i) APCVD not LPCVD, (ii) uses the precursor as a single-source with no oxygen source added and (iii) deposits ZnO at a lower onset temperature (400°C vs. 450-700°C). While it should be noted that others have reported zinc ketoiminates [27a] and zinc iminoesterate [28] precursors, used to produce ZnO at temperatures as low as 300-350°C without the need for additional reactive oxidants (i.e. oxygen), it should also be noted that in both cases relatively high carbon contamination throughout the films is reported, and in both cases thermal annealing is required to afford semiconducting materials.
SEM and AFM data for the film grown on glass from 2b are shown in Figure 8 [32] This is supported by the PXRD data ( Figure 8 , e) which shows that the film crystallises in the wurtzite phase and presents a clear [0,0,2] orientation preference i.e. growth along c, as seen in the deposition of ZnO from precursor 2a;
[14c] EDX confirms the presence of zinc and oxygen (Supplementary data), with a composition which is slightly oxygen-deficient (ZnO 0.89 ).
While EDX measurements failed to detect the presence of fluorine, as indicated by the absence of peaks at 0.68 keV, analysis of the thin films by XPS, reveal F concentrations in the region of 1.1 at.% at the surface. Subsequent etching of the surface for 15 min with an Ar gas cluster ion source at 10 keV beam energy (corresponding to an etching depth of 30 nm) indicates a homogeneous distribution of fluorine throughout the thin films, with F concentrations of 1.2 at.% suggestive of a ZnO (0.9) :F (0.02) formulation. Figure 9 shows an XPS spectrum of a ZnO:F thin film after a 15 min etch. Table 2 shows the calculated atomic percentages of elements from XPS analysis. While XPS analysis shows high carbon contamination levels at the surface, these levels di- minish considerably as we move from the surface into the bulk of the materials, down to ca. 2 at.%, a value which is significantly lower than ZnO thin films deposited by related precursors (ca. 10-5.7 %), [27a,28] also produced in the absence of additional oxygen and without the need for annealing in oxygen. AFM investigation (Figure 8, c, d) showed the films to be relatively smooth, with a root mean square (rms) roughness between approx. 3-5.4 nm over a 1-5 μm 2 range: this compares with rms values of 10 nm for ZnO films prepared by AACVD from toluene solutions of dimethylzinc.
[1a] Film thickness was estimated to be 220 nm from the whitish-green color fringe analyzed, and by assuming a refractive index for zinc oxide of 2.0041. [33] Levels of fluorine incorporation observed in this study are directly comparable to recent reports of ZnO:F thin films produced by ALD, [15] in which fluorine doping concentrations of 1.2 % were achieved providing thin films with bulk resistivity values of approx. 1.9 ϫ 10 -3 Ω cm. Unfortunately, bulk resistivity values could not be obtained for thin films grown from 2b at 400°C, with a deposition time of 30 min, because of incomplete surface coverage. However, thin films (340 nm, estimated as above) grown from 2b at 400°C over longer deposition periods (60 min), which apart from being more continuous, have identical analysis features and possess a bulk resistivity of 1.782 ϫ 10 -3 Ω cm. Films were also grown on Si-100 at 400°C with deposition times of 30 and 60 min respectively, though the results are essentially the same as those described above for deposition on glass; details are given as Supplementary data.
Conclusions
This work documents the synthesis and characterisation of a family of zinc β-ketoiminate complexes with ether functionalised pendent arms, for the growth of ZnO films by MOCVD. The synthesis procedure for both the ligands, and the subsequent zinc complexes, is straight forward and the products can be isolated in good yields and easily scaled up. The molecular structures of six of the complexes 2b-d, 2f-h have been determined revealing the zinc centres to possess six coordinate pseudo octahedral coordination environments. A significant feature of this work is the air and moisture stability of the complexes developed, which are easily handled and are very soluble in a range of common organic solvents, thus negating difficulties with the use of pyrophoric precursors. The thermal properties of complexes 2b-f are encouraging, with moderately low melting points, good volatility and clean decomposition characteristics, which abrogates the use of excessively high temperatures for the deposition of ZnO with carbon incorporation. Strikingly, complex 2b appears to be a viable single source precursor for the growth of ZnO:F. The presence of {CF 3 } groups in the ligand system is in contrast to related precursors, specifically 2a. Despite attempts to identify a mechanism for fluorine incorporation using TGA-MS analysis we have been unable to elucidate a decomposition pathway, incorporating 1.2 % of fluorine within the thin film. 2b also functions as a single-source with no need for additional oxygen source in the deposition process. While 2b deposits ZnO:F at a relatively low deposition temperature of 400°C (vs. 450-700°C), the thin films produced contain very low levels of carbon contamination in the bulk of the thin film (concentrations at the surface are significantly higher). We feel that these are both significant advances in the development of an atmospheric pressure deposition process compatible with the large scale production of ZnO:F for device fabrication on an industrial/high throughput scale. Our future efforts in reducing the deposition temperature of precursors is ongoing and subsequent research will concentrate in this direction.
Experimental Section
General Information: Manipulations involving organozinc reagents and complexes were performed under an atmosphere of dry argon using standard Schlenk line and glovebox techniques. Hexanes and toluene solvents were dried using a commercially available solvent purification system (Innovative Technology Inc., MA) and degassed under argon prior to use. Deuterated benzene (C 6 D 6 ) NMR solvent was purchased from Fluorochem, UK, and dried with potassium before isolating via vacuum distillation. All dry solvents were stored under argon in Young's ampoules over molecular sieves (4 Å). A toluene solution of dimethylzinc (2 m) was prepared from the neat reagent supplied by SAFC HiTech, UK. All other reagents were purchased from commercial sources and used as supplied.
Melting points were determined utilising a Stuart SMP10 Melting Point Apparatus. Elemental analyses were performed externally by London Metropolitan University Elemental Analysis Service, UK. IR spectra were recorded for the neat sample using a Perkin-Elmer Spectrum 100 FT-IR Spectrometer fitted with a Universal ATR sampling accessory. Spectra were recorded at ambient temperature in the region 4000-650 cm -1 . The following abbreviations are used: w (weak), m (medium), s (strong) and br (broad). H} NMR spectra were recorded with a Bruker Avance 300 spectrometer, whilst 19 F NMR spectra were recorded using a Bruker Avance 400 spectrometer. All spectra were obtained at ambient temperature (25°C). Compounds 1a and 2a were synthesized according to literature procedure.
[14c] 
F 3 CC(O)CHC(CH 2 CH 3 )N(H)CH 2 CH 2 OCH 3 (1c):
A stirred toluene (100 mL) solution of 1,1,1-trifluoro-2,4-hexanedione (6.72 g, 40 mmol) was treated with 2-methoxyethylamine (3.48 mL, 40 mmol) and refluxed using a Dean-Stark apparatus for 24 h. The resulting reaction mixture was dried using MgSO 4 , filtered and volatiles then removed in vacuo to afford an orange-brown oil. The oil was washed with hot hexanes (2 ϫ 50 mL) and the hexanes layer decanted. The hexanes washings were combined and cooled to 0°C to afford the product as off-white crystalline needles. The product was subsequently isolated by filtration, washed with cold hexanes and air-dried, yield 1. 
F 3 CC(O)CHC[CH(CH 3 ) 2 ]N(H)CH 2 CH 2 OCH 3 (1d):
A stirred toluene (100 mL) solution of 1,1,1-trifluoro-5-methyl-2,4-hexanedione (2.98 mL, 20 mmol) was treated with 2-methoxyethylamine (1.74 mL, 20 mmol) and refluxed using a Dean-Stark apparatus for 24 h. The resulting reaction mixture was dried using MgSO 4 , filtered and volatiles then removed in vacuo to afford an orange-brown oil. Distillation of the crude oil under reduced pressure affords the pure product as very pale yellow crystals upon cooling, yield 2.71 g, 57 %, m.p. 28-29°C. Microanalysis: found (calcd. for C 10 : A stirred toluene (100 mL) solution of 1,1,1-trifluoro-2,4-pentanedione (2.43 mL, 20 mmol) was treated with 2-ethoxyethylamine (2.10 mL, 20 mmol) and refluxed using a Dean-Stark apparatus for 4 h. The resulting reaction mixture was dried using MgSO 4 , filtered and volatiles then removed in vacuo to afford a golden oil. The crude oil was washed with hot hexanes (2 ϫ 25 mL) and the hexanes layer decanted. The hexanes washings were combined and cooled to -28°C to afford the product as a pale yellow solid. The product was subsequently isolated by filtration, washed with cold hexanes and air-dried, yield 1.76 g, 39 %, m.p. 27-29°C. Microanalysis: found (calcd. for 
F 3 CC(O)CHC(CH 3 )N(H)CH(CH 3 )CH 2 OCH 3 (1f):
A stirred toluene (100 mL) solution of 1,1,1-trifluoro-2,4-pentanedione (3.64 mL, 30 mmol) was treated with 1-methoxy-2-propylamine (3.16 mL, 30 mmol) and refluxed using a Dean-Stark apparatus for 2 h. The resulting reaction mixture was dried using MgSO 4 , filtered and volatiles then removed in vacuo to afford a golden oil. Distillation of the crude oil under reduced pressure affords the pure product as a yellow oil, yield 4.16 g, 62 %. Microanalysis: found (calcd. for C 9 H 14 F 3 NO 2 ): C 47.87 (48.00), H 6.31 (6.27) 
F 3 CC(O)CHC(CH 3 )N(H)CH 2 (CHOCH 2 CH 2 CH 2 ) (1h):
A stirred toluene (100 mL) solution of 1,1,1-trifluoro-2,4-pentanedione (2.43 mL, 20 mmol) was treated with tetrahydrofurfurylamine (2.06 mL, 20 mmol) and refluxed using a Dean-Stark apparatus for 4 h. The resulting reaction mixture was dried using MgSO 4 , filtered and volatiles then removed in vacuo to afford a golden oil. The crude oil was washed with hot hexanes (2 ϫ 10 mL) and the hexanes layer decanted. The hexanes washings were combined and cooled to ambient temperature resulting in crystallisation of the product as an offwhite crystalline solid. The product was subsequently isolated by filtration, washed with cold hexanes and air-dried, yield 1. 30 (s, 1 H, CH) Crystallography: Experimental details relating to the single-crystal X-ray crystallographic study is summarised in Table 3 . Data for 2b and 2g were collected on a Nonius Kappa CCD diffractometer at 150(2) K using Mo-K α radiation (λ = 0.71073 Å). Data for 2c, 2d, 2f and 2h were collected on a SuperNova X-ray diffraction systems at 150(2) K using Cu-K α radiation (λ = 1.54184 Å). All structures were solved by direct methods and refined on F 2 data using the WinGX-1.70 suite of programmes. [34] All hydrogen atoms are included in idealised positions and refined using the riding model.
The asymmetric unit of 2c and 2f both consist of three independent, but essentially similar, molecules. One of the three molecules in the asymmetric unit cell of 2c [centred around Zn(2)] possesses disorder in one of the ethyl groups attached to a β-ketoiminate ligand; the disorder has been modelled isotropically over two positions using a free variable. Complex 2d has disorder in the three fluorine atoms attached to C (14) , the disorder has been modelled isotropically over two positions using a free variable to calculate occupancy factors. 1400741 (for 2b), -1400742 (for 2c), -1400743 (for 2d),  -1400744 (for 2f), -1400745 (for 2g), -1400746 (for 2h) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Materials Chemistry: Thermogravimetric analyses (TGA) were obtained using a Perkin-Elmer TGA4000 thermogravimetric analyzer. Analyses were performed air-sensitively, with the samples sealed under an atmosphere of argon in crimped aluminium TGA pans. Data points were collected every second at a ramp rate of 10°C min -1 in a flowing (20 mL min TGA-MS data was obtained using a Setsys Evolution TGA 16/18 by Setaram, equipped with a S-type thermocouple and an alumina crucible of 170 μL. Analysis was performed under an argon flow (20 mL/min) at a heating rate of 5 K/min. Evolving gas is taken off from the TG analysis chamber to the Mass Spec through a stainless steel capillary The associated mass spectrometer is an Omnistar GSD 320 (Pfeiffer Vacuum), equipped with a quadrupole mass analyser (1-200 amu and mass scan rate of 200 ms/amu) and a Faraday detector.
CCDC-
SEM images were taken using a JEOL FESEM 6301F, while AFM analysis was carried out on a Nanosurf Flexafm easyscan 2 instrument with a Tap 190 AL/G AFM tip and 10 nm tip radius (Tapping mode). Film analysis by PXRD was made using a Bruker D8 Advance diffractometer.
X-ray photoelectron spectrsocopy (XPS) measurements were performed by the Matrerials & Surface Science Institute (Service) at the University of Limerick, Eire, on a Kratos Axis Ultra photoelectron spectrometer, utilising monochromatic Al-K a radiation (photon energy 1486.6 eV). The instrument was pre-calabrated using the C 1s line at 284.8 eV. Samples were sputtered for a pre-determined set time over a 4 mm wide area using 4 kV argon ions using a minibeam I ion source. Spectra were collected at pass energies of 160 eV, with the 100 mm apperature in place to focus on the centre of the etch pit.
Sheet resistivity measurements were recorded using a Jandel Multiheight 4-point probe in combination with a Guardian Surface Resistivity Meter Model #SRM-232-100, with a sheet resistance range of 0-100 ohm/sq. Deposition of ZnO was carried out using a home-built reactor similar to that reported by others. [35] In a typical experiment, dry argon carrier gas was passed at a rate of approximately 5 dm heater set to maintain a temperature of 400°C. The apparatus was allowed to equilibrate under a flow of argon gas. A small quartz sample boat was loaded evenly with approximately 0.10 g of the precursor under study. The carrier gas flow was halted temporarily in order to allow the positioning of the sample boat in the region of the quartz tube encompassed within the tube furnace. The carrier gas flow was re-initiated and the deposition commenced simultaneously upon the melting of the precursor within the quartz boat. Deposition was carried out for 30 min.
